The expression of cellobiohydrolase I mRNA from Trichoderma reesei, measured by Northern blot hybridization, is controlled by the nature ofcarbon sources used in the culture medium. Cellulose and the soluble disaccharide sophorose, but not glycerol or glucose, act as inducers. Cellobiohydrolase I mRNA was undetectable when antibodies to the major members of the cellulolytic system were present in the culture medium prior to the addition of cellulose. These antibodies had no repressive effect if sophorose was used as an inducer. The results strongly suggest that a low constitutive cellulolytic system catalyzes the formation of a soluble inducer from cellulose and that this inducer triggers the expression of the cellobiohydrolase I gene transcript, most probably at the transcription level.
cellobiohydrolase I gene transcript, most probably at the transcription level.
In nature, the cycling of carbon is of the utmost importance to living systems. It is estimated that the photosynthetic process produces 1.5 x 1011 tons ofdry plant material annually, almost half of which is cellulose (1) . This plant polysaccharide is used as an energy carbon source by numerous and diverse microorganisms, including fungi and bacteria occupying a variety of habitats (2) . Solubilization of this insoluble polymer is via extracellular cellulase systems that catalyze the hydrolysis of cellulose to glucose. Among the best characterized of these systems are the inducible cellulases of the filamentous fungus Trichoderma reesei (3) . This cellulase system consists of three The utilization of cellulose by T. reesei is enigmatic, as the product of cellulolysis (glucose) represses the expression of the cellulase system (5) . At present, it is not understood how an insoluble polymer such as cellulose, which is unable to enter the fungal cell, can regulate expression of the cellulolytic enzyme system. It has been suggested (6, 7) that T. reesei expresses low, constitutive, levels of the cellulase system and that the activity of these enzymes on cellulose produces a soluble inducer, which can enter the cell and effect induction. Sophorose (2-0-,3-glucopyranosyl-Dglucose) is the most potent soluble inducer of the cellulase system in T. reesei so far identified (7, 8) . Sophorose as well as other glucose disaccharides were detected during growth of T. reesei on cellobiose (6) and after treatment of cellulose with the T. reesei cellulase system (9), most probably produced by the transglycosylation activity of,-glucosidase (10, 11) .
In preparation for investigating the molecular mechanisms responsible for regulating cellulase gene expression, we have prepared antibodies to the major members of the cellulolytic system and have also isolated a clone carrying the gene encoding cellobiohydrolase I. Using these antibodies to block the activity of the cellulase system and the CBH-I clone as a DNA probe, we present evidence that low constitutive levels of the cellulase system are responsible for triggering the expression of the CBH-I gene at the pretranslational level. Methods. Preparation of enzymes and antibodies. Enzymes were purified from culture supernatants following a 6-day fermentation of T. reesei strain Rut-C30 (12) on 2% Avicel, as described by Shoemaker et al. (13) , and Henrissat et al. (14) . After chromatography on DEAE-Sepharose (13), fractions containing CBH-I and EG-I (adsorbed material) were separated on a second DEAE-Sepharose column followed by Sephacryl S-200 chromatography. The nonadsorbed material obtained from the initial DEAE-Sepharose column containing CBH-II and EG-1I was then separated by using a phenyl-Sepharose column (14) . p-Glucosidase was purified as described by Shoemaker et al. (13) , except that after elution from SP-Sephadex the preparation was subjected to glycerol gradient (5-20%) 5 .0) at 400C. The reaction was stopped by the addition of sodium carbonate to a final concentration of 0.33 M, and the concentration ofp-nitrophenol (molar extinction coefficient, 1.84 x 104) was measured spectrophotometrically at 400 nm. Cellobiase was measured as described by Dahlqvist (16) . A unit of enzyme activity is expressed as tkmol ofp-nitrophenol released or cellobiose hydrolyzed per min for aryl /-glucosidase or cellobiase, respectively. The purified ,8-glucosidase has a specific activity of 21 and 40 units/mg with aryl p-glucoside and cellobiose as substrates, respectively. Protein was determined by the Bradford method (17) .
EXPERIMENTAL PROCEDURES
Antibodies to each enzyme were elicited in adult white rabbits by intraperitoneal injections of pure enzyme (100 ,ug) in complete Freund's adjuvant (Difco). Immunization was given at intervals of 3 weeks and maximal titers were usually attained after three injections. IgG was purified from serum by passage over DEAE-cellulose in 15 mM potassium phosphate buffer (pH 8.3) and concentrated to its original volume.
Inoculum and culture conditions. Cultures of T. reesei Rut-C30 were maintained on potato dextrose agar slants at 28TC. Inocula were prepared by harvesting spores from 7-day-old cultures in 0.9% NaCl, by filtering through glass wool. Culture medium contained 0.08% glycerol, 0.2% Bacto-peptone (Difco) 0.21% (NH4)2SO4, 0.3% urea, 0.03% MgCl2-7H2O, 0.03% CaC12, and 0.1% metal solution (0.2% CaCl2, 0.5% FeSO4-7H2O, 0.15% MnSO4-H2O, and 0.17% ZnCl2 in 28 mM HCl) in 100 mM potassium phosphate buffer (pH 6.0). Cultures from spore inocula (final concentration, 1 x 106 spores per ml) were incubated on a rotary shaker for 14 hr to yield a physiologically active inoculum.
Germinated spores (5 ml) were added to the above culture medium (250 ml) containing 0.4% glycerol, and the suspension was incubated on a rotary shaker for 18 hr. The mycelia were centrifuged, washed twice with 100 mM potassium phosphate buffer (pH 6.0), and incubated on a rotary shaker for 2 hr. Mycelia (2 mg dry weight) were suspended in 5 ml of culture medium lacking glycerol, and carbon sources (glucose or glycerol), inducers (Avicel or sophorose), and IgG were added to the reaction mixtures as indicated. Unless otherwise noted, all cultures were incubated on a rotary shaker (200 rpm) at 28°C for 22 hr. Avicel (PH 101) was washed with 1 mM HCO and then with water, autoclaved, re-washed with water, and then washed twice with 100 mM potassium phosphate buffer (pH 6.0).
Library construction and screening. A library of T. reesei DNA was constructed in cloning vector EMBL4 (18) as described by Maniatis et al. (19) . EMBL4 cos sites were first ligated together and then digested with BamHI and Sal I. Ligated arms were purified from internal fragments by cen- Membranes were prehybridized at 55°C for 2 hr in 5 x SSPE (lx SSPE = 0.18 M NaCl/10 mM phosphate, pH 7.4/1 mM EDTA)/10x Denhardt's solution (19)/0.1% SDS/heatdenatured salmon sperm DNA (100 ,g/ml). Hybridization was carried out at 55°C for 16-20 hr. Membranes were washed in 5 x SSPE for 30 min at room temperature and then washed at 60°C for 10 min. Membranes were exposed overnight to X-Omat K film (Kodak). RNA isolation and analyses. T. reesei mycelium was collected by filtration and ground to a fine powder under liquid N2. Total RNA was isolated from the frozen powder by the guanidine thiocyanate method described by Chirgwin et al. (21) . RNAs were separated by electrophoresis on 1.5% agarose gels in the presence of methylmercuric hydroxide (22, 23) and transferred to Hybond-N membrane (24) . Membranes were hybridized with nick-translated CBH-I 1.16-kb HindIII fragment. RESULTS Isolation of T. reesei CBH-I Gene. Using a synthetic oligonucleotide, based on the previously reported gene sequence (20) , we isolated a clone carrying the CBH-I gene. To establish the conditions for oligonucleotide hybridization, genomic T. reesei DNA was digested with Sma I, HindIII, and EcoRI; electrophoresed on a 0.8% agarose gel; and transferred to a nylon membrane. The membrane was prehybridized, hybridized, and washed as described. Restriction analysis revealed that the probe hybridized to fragments of 9.6, 1.16, and 0.72 kb, obtained by digestion of T. reesei DNA with Sma I, HindIl, and EcoRI, respectively (Fig. la) . The size of each hybridizing band from the genomic digests was in agreement with that predicted from the known sequence and restriction map (20, 25) . Approximately 105 EMBL4 recombinants were plated, grown, and transferred to duplicate Hybond-N membranes. The membranes were then hybridized with the radiolabeled probe under the conditions established above, resulting in the isolation of four positive clones (Fig. lb) . DNA isolated from these clones was mapped by restriction endonuclease digestion. DNA from all four clones contained common Sma I, HindIII, and EcoRI restriction fragments and gave identical patterns to that shown in Fig. la (see Fig. ic) .
These results confirm that the four recombinants contain the sequence for the CBH-I gene. On this basis, the 1.16-kb HindIII fragment was subcloned into pBR322 and used as a probe in subsequent experiments.
Induction of CBH-I mRNA by Cellulose and Sophorose. Initial investigations concerned whether cellulose (Avicel) could induce transcription of the CBH-I gene and whether this induction could be repressed by the addition of glucose. Fig. 2 (lane 2) shows that Avicel stimulates the transcription of the CBH-I gene, whereas glycerol has no effect (lane 1).
As one characteristic of the cellulase system is its catabolic repression by glucose, we analyzed the presence of the CBH-I gene transcript in cells induced with Avicel for 21 hr and then exposed to 1% glucose for 1 hr. The stimulation brought about by Avicel (Fig. 2, lane 2) was completely repressed by the addition ofglucose (lane 3). Thus, it appears that glucose represses the expression of the CBH-I gene at the pretranslational level. The effect of the soluble inducer sophorose on the activation of CBH-I transcription was also investigated and was clearly positive (lane 4). It is noteworthy that the CBH-I gene transcript was detected 14 hr after the addition of Avicel and only 4 hr after the addition of sophorose (data not shown).
Effect of Cellulase Enzyme Antibodies on CBH-I mRNA Levels. To investigate whether induction of the CBH-I gene by cellulose requires the purported low constitutive activity of the cellulase system to produce a soluble inducer from cellulose, we attempted to block this activity by adding antibodies against the cellulolytic enzymes to the culture medium. To this end, the enzymes of the cellulolytic system, composed of CBH-I, CBH-II, EG-I, EG-I, and /3-glucosidase, were purified to homogeneity (Fig. 3) . Antibodies to each of the purified enzymes were developed in the rabbit, and IgG was purified as described.
The induction of the CBH-I gene transcript by cellulose (Fig. 4, lane 2) was completely repressed by the prior addition of cellulase antibodies (lane 3). Control experiments using IgG from nonimmune rabbit showed no effect on the transcription of CBH-I (lane 4). Interestingly, the addition of cellulase antibodies 10 hr after addition of cellulose did not 
DISCUSSION
With the abundance of cellulose in nature, there is an understandable interest in cellulase mobilizing processes. This plant polysaccharide is used as an energy source by a variety of microorganisms. Of these, T. reesei utilizes cellulose as a carbon source, although this induction of the cellulolytic enzymes is repressed by glucose (5) . At present, it is not understood how an insoluble polymer such as cellulose, which cannot pass the fungal cell, can still regulate the expression of a cellulolytic enzyme system. Based on the observation that the products of cellulose hydrolysis and transglycosylation (e.g., cellobiose, sophorose) can induce cellulase synthesis (6, 9) , a mechanism has been proposed Total RNA was isolated. Aliquots containing 30 ,ug of RNA were fractionated electrophoretically in 1.5% agarose/methylmercuric hydroxide gels (22, 23) . RNA was transferred to Hybond-N membranes and hybridized with a nick-translated 1.16-kb HindIII CBH-I fragment (see Fig. 1 Proc. Natl. Acad. Sci. USA 86 (1989) Proc. Natl. Acad. Sci. USA 86 (1989) 6141 whereby the activity of low constitutive levels of extracellular cellulase activity toward cellulose produces a soluble compound that can enter the cell and effect induction (6, 7) .
With a view to examining the mechanism by which the insoluble cellulose polymer triggers the expression of the cellulase genes, we have studied the expression ofthe mRNA transcript of CBH-I, the major cellulase gene in T. reesei.
As demonstrated by blot hybridization analysis, CBH-I mRNA could not be detected up to 14 hr or 4 hr after induction with cellulose and sophorose, respectively. That sophorose is a more rapid inducer than cellulose would be expected from its soluble nature and from the possibility that it or some oligosaccharide has to be formed in vivo from cellulose by the activity of a low, constitutive, extracellular, cellulase system. In contrast to this relatively slow induction of mRNA, no CBHI-I transcript could be detected from T. reesei cultures induced for 21 hr with cellulose and then treated with glucose for 1 hr. While we cannot rule out the possibility that the presence or absence of CBH-I transcript is due to changes in the rates of mRNA turnover or RNA processing, transcriptional control seems more likely to be the level at which regulation of CBH-I mRNA occurs.
It is noteworthy that the CBH-I gene transcript was absent when cellulase antibodies were present in cultures of T. reesei prior to the addition of cellulose. However, if T. reesei was induced with cellulose for 10 hr, during which time no CBH-I mRNA is detected, the addition of cellulase antibodies has no repressive effect on the expression of the CBH-I transcript. More critical is the fact that the cellulase antibodies have no effect if a soluble inducer (sophorose) was used-i.e., a soluble inducer bypasses the blockage of inducer formation from cellulose caused by the presence of cellulase antibodies.
The failure of individual antibodies to block expression of the CBH-I transcript is not unexpected as the cellulolytic system is known to function synergistically (14) .
Our results strongly suggest that in T. reesei a low level constitutive extracellular cellulolytic system acting on cellulose is responsible for induction of the CBH-I gene transcript and most probably for the remainder of the cellulase system.
